months
. The frequency of neoplasia in mPer2 m/m mice differs significantly from wild-type mice (p Ͻ 0.0001, t test). Thus, the mPer2 m/m mice are cancer prone.
To examine further the role of mPer2 in suppressing neoplastic growth, wild-type and mPer2 m/m mice at 8 weeks of age were challenged with a single dose of whole-body ␥ radiation of 4 Gy at zeitgeber time 10 (ZT10) and were monitored for illness and survival. Mice were irradiated at ZT10 because the mitotic index is highest in murine bone marrow between ZT8 and ZT12 (Bjarnason and Jordan, 2000) and cells in mitosis are more sensitive to ␥ radiation (Wood et al., 1998).
The mPer2 m/m mice are more sensitive to ␥ radiation, as indicated by premature hair graying and hair loss, and an increased rate of tumor formation. Hair graying was observed in 50% of mutant mice at 12 weeks after irradiation. At 22 weeks after irradiation, all the irradiated mPer2 m/m mice showed hair graying, and 30% of them also showed large areas of hair loss on the back ( Figure  2A ) or around neck and mouth. In contrast, hair graying and hair loss was not found in any wild-type mice at 22 weeks after irradiation ( Figure 2B ). The irradiated mPer2 m/m mice also showed an earlier onset of hyperplastic growth. At 7 months after irradiation, teratoma was observed in all irradiated male mPer2 m/m mice, but ity had malignant lymphomas in multiple organs including liver, lung, spleen, heart, ovary, salivary gland, muscle, pancreas, stomach, intestines, testis, and bone ment in vivo by regulating the expression of CCGs that ( Figures 1E and 1F Half of the thymus was fixed for histological examination, and thymocytes from the other half of the thymus the first case at 9 months of age. Pathological analysis showed that 15% of the mPer2 m/m mice died of lymwere examined by flow cytometry. Histological examination revealed that thymocytes phoma. Hyperplasia was not observed in wild-type control mice at 18 months of age, and spontaneous lymwere depleted from wild-type thymus in a time-dependent manner after irradiation, resulting in the loss of phoma in wild-type mice was first found at the age of Figure 3A) . Flow number of intact mPer2 m/m thymocytes were present in the thymus at 18 hr after irradiation in the same expericytometry indicated that the ratio of apoptotic thymocytes was about 2-fold higher in wild-type thymus than ments ( Figure 3B ). Flow cytometry showed that when irradiated at ZT2 or ZT18, no intact wild-type thymocytes in mPer2 m/m thymus at 10 and 18 hr after irradiation ( Figure 3A ). Apoptotic cells were still detected by flow could be isolated at 18 hr after irradiation following standard procedures, whereas many mPer2 m/m thymocytes cytometry in wild-type but not in mPer2 m/m thymus at 22 hr after irradiation, and were not detected in either wildwere recovered and examined ( Figure 3B ). A striking discovery from flow cytometry analysis was that type or mPer2 m/m thymus at 24 hr after irradiation in repeated experiments (data not shown). Thus, the mPer2 m/m thymocytes also responded to ␥ radiation differently at different ZT times: when irradiated at ZT10, mPer2 m/m thymocytes were more resistant to apoptosis when irradiated at ZT10. they were more resistant to apoptosis at every phase of cell cycle, whereas when irradiated at ZT2 or ZT18, To investigate whether mPer2 mutation resulted in resistance to radiation-induced apoptosis at other ZT they arrested at G2/M to survive ( Figures 3A and 3B) . Thus, mouse thymocytes are most sensitive to ␥ radiatimes, mice were irradiated at ZT2 or ZT18. Thymus was isolated from the irradiated mice at 18 hr after irradiation. tion in early sleeping phase (ZT2), less sensitive in active phase (ZT18), and the least sensitive in late sleeping Histological examination revealed that when irradiated at ZT2, almost all wild-type thymocytes were eliminated phase (ZT10). Mutation in mPer2 results in a partial resistance to radiation-induced apoptosis at all ZT times. by apoptosis within 18 hr, and only connective tissues and spindle cell types remained in the thymus. When
Wild-type thymocytes undergo rapid apoptosis after ␥ radiation in a p53-dependent manner (Lowe et al., irradiated at ZT18, most wild-type thymocytes were de-1993; Clarke et al., 1993). To test whether the deficiency in p53 induction plays a role in the apoptotic resistance of mPer2 m/m thymocytes after irradiation, the accumulation of p53 protein in these cells was examined. Thymocytes were isolated from wild-type and mPer2 m/m mice at 4 weeks of age and treated with 4 Gy of ␥ radiation. Protein extracts of these cells were prepared at various times after irradiation. The level of p53 in cell extracts was determined by Western blot analysis. As shown in Figure 4A , the induction of p53 was evident in wild-type thymocytes at 4 hr after irradiation and further increased at 6 hr after irradiation. In mPer2 m/m thymocytes, however, the induction of p53 followed much slower kinetics, and only reached 60% and 40% of that in the wild-type thymocytes at 4 and 6 hr after irradiation, respectively. Thus, p53 induction is attenuated in mPer2 m/m thymocytes after irradiation.
In p53-dependent apoptosis, cytochrome c is released from mitochondria into cytosol, where it interacts with Apaf-1 to activate downstream caspases (Green and Reed, 1998). To examine whether the deficiency in p53 induction after ␥ radiation could lead to decreased cytochrome c release in mPer2 m/m thymocytes, the level the mitochondria of wild-type thymocytes decreased of all these transcripts: the mPer1, mPer2, Clock, and Cry1 genes were induced within 30 min of irradiation, and the Bmal1 gene was induced in 2 hr. The induction of Bmal1, Clock, and Cry1 followed slower kinetics but persisted longer (more than 4 hr) when compared with Not all myc-target genes are controlled by the circadian clock at the mRNA level. For example, the expression of Cdk-4 and p53 mRNAs did not oscillate during 24 hr L/D cycles in wild-type livers. As a consequence, mutations in mPer2 had no effect on the expression of these mRNAs (Figure 6 ). At posttranscriptional levels, however, p53 might still be controlled by circadian clock in vivo (Bjarnason et al., 1999) . One of the genes involved in posttranscriptional regulation of p53 is Mdm-2. The level of Mdm-2 mRNA showed a moderate oscillation in 24 hr L/D cycles in wild-type mouse livers, with the peak at ZT6 and the trough at ZT14, but was dampened in mPer2 m/m mouse livers ( Figure 6 ). The level of Bmal1 mRNA in each RNA sample was determined so that it could serve as an internal control for circadian regulation. In wild-type mouse livers, the level of Bmal1 mRNA peaked at ZT2 and reached the trough at ZT10. In mPer2 m/m mouse livers, the trough of Bmal1 mRNA was at ZT6 and the peak at ZT18, but the peak level of Bmal1 mRNA was only 70% of that in wildtype livers at ZT2 (Figure 6 ). Thus, as has been found 
